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GRAPHICAL  ABSTRACT 


►  Phosphorylated  silica  with  different 
chain  lengths  and  -P03H2  amounts 
were  prepared. 

►  SPEEK  membranes  doped  with 
phosphorylated  silica  were 
fabricated. 

►  Proton  conductivity  was  dependent 
on  the  — PO3H2  amounts  and  grafted 
chain  lengths. 

►  The  highest  conductivity  was 
0.335  S  cm  1  at  60  °C  (100  RH). 

►  The  proton  conduction  was  tenta¬ 
tively  explained  by  effective  acidic 
group  amounts. 
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Two  kinds  of  phosphorylated  silica  submicrospheres  were  synthesized  and  incorporated  into  the 
sulfonated  poly( ether  ether  ketone)  (SPEEK)  matrices  to  fabricate  the  hybrid  membranes.  Phosphory¬ 
lation  was  carried  out  by  the  reaction  of  phosphorus  oxychloride  and  the  epoxy  groups  on  the  silica 
surface  introduced  by  glycidyl-silane  (SiP-I)  or  poly(glycidyl  methacrylate)  (SiP-11).  The  length  of  the 
chains  and  the  amount  of  phosphoric  acid  groups  (-PO3H2)  grafted  on  the  silica  surface  were  tuned  by 
the  above  two  different  phosphorylation  methods.  The  dispersion  of  SiP-II,  anti-swelling  and  methanol 
resistant  property  of  the  SPEEK/SiP-II  hybrid  membranes  were  all  enhanced.  And  the  proton  conductivity 
was  increased  by  doping  with  both  kinds  of  phosphorylated  silica  particles.  While  the  SPEEK/SiP-I  hybrid 
membranes  with  less  amounts  of  — PO3H2  groups  showed  unexpectedly  much  higher  proton  conduc¬ 
tivities  than  the  SPEEK/SiP-II  hybrid  ones  at  the  same  loadings  ranging  from  5  wt%  to  20  wt%,  and  the 
highest  reached  0.335  S  cm  1  at  60  °C  and  100%  RH.  The  result  was  tentatively  discussed  in  terms  of 
effective  proton-conducting  groups/sites  instead  of  the  absolute  amount  of  acidic  groups. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 


*  Corresponding  author.  Key  Laboratory  for  Green  Chemical  Technology,  Ministry 
of  Education  of  China,  School  of  Chemical  Engineering  and  Technology,  Tianjin 
University,  Tianjin  300072,  China.  Tel./fax:  +86  022  23500086. 

E-mail  address:  wuhong2000@gmail.com  (H.  Wu). 


Proton  exchange  membrane  fuel  cells  (PEMFCs)  are  potential 
candidates  for  applications  in  energy  conversion  and  storage,  and  can 
be  used  in  diverse  fields,  including  portable,  stationary  and  trans¬ 
portation  uses  [1].  Direct  methanol  fuel  cells  (DMFCs)  are  attractive 
for  the  use  of  liquid  feed  fuel  which  simplifies  the  fuel  delivery  and 
storage  to  some  extent  [2],  Extensive  studies  have  been  reported  to 
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develop  organic— inorganic  hybrid  membranes  for  the  enhancement 
of  the  fuel  cell  performance,  attributed  from  the  combination  of  the 
advantages  of  the  inorganic  fillers  (e.g.,  mechanical,  thermal  and 
chemical  stability)  and  the  organic  polymer  matrix  (e.g„  flexibility, 
ductility  and  the  ease  of  processability)  [3], 

Nowadays,  sulfonic  acid  groups  (— SO3H)  are  most  widely  used  as 
proton  conducting  sites  which  are  sensitive  to  the  humidity  [4],  To 
render  the  PEMs  with  enhanced  water  retention  property,  a  variety 
of  hygroscopic  solid  or  porous  inorganic  fillers  have  been  incorpo¬ 
rated  into  polymer  matrix,  which  exhibited  high  concentration  of 
hydroxyl  or/and  acidic  groups  and  rich  hydrogen-bonding  sites  [1,5], 
Among  them,  silica  is  most  widely  used  due  to  its  hygroscopic 
nature,  versatile  functionality  and  rich  amount  in  nature.  To  endow 
silica  the  proton  conductive  property,  sulfonation  was  explored 
extensively  because  of  the  relatively  high  proton  conductivity  of  the 
— SO3H  groups  at  highly  hydrated  conditions  and  the  liability  of 
functionalization.  Sulfonation  could  be  achieved  by  the  reaction 
with  reagent  like  chlorosulfuric  acid  and  the  proton  conductivity  of 
the  hybrid  membranes  could  be  compensated  or  improved  after  the 
introduction  of  the  proton-conducting  acidic  sites  [6], 

Recently,  much  more  attention  has  been  directed  toward  PEMs 
based  on  phosphoric  acid  groups  (-PO3H2)  as  alternatives  for  DMFC 
applications.  Compared  with  -SO3H  groups,  the  amphoteric  and 
high  dielectric  constant  property  of  the  -PO3H2  groups  can  facilitate 
the  self-dissociation  and  charge  separation  of  the  acid  and  thus 
leading  to  a  high  concentration  of  proton,  which  is  especially 
beneficial  for  the  membrane  performance  in  the  high  temperature 
and  low  humidity  environments  [7,8].  The  higher  water  binding 
energy  (47.3  kj  mol-1  and  44.4  kj  mol-1  for  — PO3H2  and  — SO3H, 
respectively)  and  the  lower  average  zero  point  energy  of  — PO3H2 
(37.2  kj  mol-1  and  69.9  kj  mol-1  for  — PO3H2  and  — SO3H,  respec¬ 
tively)  imply  the  higher  water  retention  property  and  lower  proton 
conduction  barrier  [9],  -PO3H2  groups  also  display  better  thermo- 
oxidative  stability  [7],  Hence,  PEMs  such  as  phosphorylated  poly¬ 
meric  or  organic— inorganic  hybrid  membranes  have  triggered 
intensive  research  interest.  Different  from  the  vast  kinds  of 
sulfonated  polymer  materials,  the  direct  polymerization  of  the 
phosphorylated  monomers  or  the  post-phosphorylation  of  the 
polymer  main  chains  were  studied  sparsely  due  to  the  more 
complicated  chemistry  and  synthetic  procedures  [10].  Facile  phos¬ 
phorylation  methods  were  developed  by  doping  phosphoric  acid 
(H3PO4)  into  the  polymer  matrix,  mainly  polybenzimidazole  (PBI) 
[  11  ].  While  H3PO4  was  soluble  in  water  and  could  leach  out  under  the 
humid  fuel  cell  application  environments,  thereby  phosphorylated 
hybrid  membranes  made  by  fixing  — PO3H2  groups  on  inorganic 
supports,  like  silica  materials,  were  competitive  candidates.  The 
phosphorylated  silica  materials  could  be  synthesized  via  co¬ 
condensation  of  hydrolyzed  phosphoric-silane  and  tetraethyl 
orthosilicate  (TEOS)  [12,13],  When  utilized  in  the  intermediate- 
temperature  and  low-humidity  PEMFCs,  the  inherent  water  reten¬ 
tion  capacity,  high  thermal  stability  and  the  contribution  to  the 
proton  conductivity  of  the  phosphorylated  silica  materials,  were 
advantageous  for  the  improvement  of  the  membrane  performance. 
The  proton  conductivity  at  85  °C  and  50%  RH  of  the  hybrid 
membrane  doped  with  phosphorylated  silica  was  reported  to  be 
0.026  S  cm-1,  which  was  24%  higher  than  that  of  the  pristine  Nafion® 
membrane.  It  was  accepted  that  small  condensed  units,  such  as 
oligomers,  were  preferentially  yielded  with  the  sol— gel  reactions  of 
the  trifunctional  organoalkoxysilanes  (phosphoric-silanes)  [14], 
thus  silica  materials  could  be  synthesized  first  and  phosphorylated 
consequently.  Because  the  Si-OH  groups  were  relatively  inert  to  the 
phosphorylation  reactions,  the  surface  of  silica  were  usually  modi¬ 
fied  first,  e.g.,  by  titanium  isopropoxide,  and  then  phosphorylated 
[15].  The  phosphorylation  degree  was  restricted  by  the  direct 
modification  methods  mentioned  above,  since  only  a  monolayer  of 


the  functional  groups  could  be  formed  on  the  particle  surface.  Such 
a  limitation  could  be  alleviated  by  introducing  phosphorylated 
polymer  chains  with  more  -PO3H2  groups.  Diisopropyl  p-vinyl- 
benzyl  phosphonate  (DIPVBP)  was  emulsion-polymerized  on  the 
surface  of  silica  spheres,  and  it  was  beneficial  for  the  enhancement  of 
the  proton  conductivity  of  the  hybrid  membranes  (0.16  S  cm-1  at 
125  °C  and  100%  RH,  while  the  proton  conductivity  of  the  recast 
Nafion®  membrane  decreased  severely  with  the  temperature 
exceeding  100  °C)  [16,17],  The  hygroscopic  silica  materials  func¬ 
tionalized  with  phosphoric  acid  groups  are  promising  for  PEMs. 

In  this  study,  phosphorylated  silica  submicrospheres  were 
incorporated  into  the  sulfonated  poly(ether  ether  ketone) 
membrane  matrix  to  construct  proton  exchange  membrane  con¬ 
taining  -PO3H2  groups.  The  silica  submicrospheres  were  synthe¬ 
sized  first  to  provide  robust  regular  structure  and  then  the 
phosphorylation  was  carried  out  on  the  silica  surface  to  inhibit  acid 
leaching  and  ensure  stable  acid  immobilization.  To  realize  facile 
phosphorylation,  the  silica  surface  was  activated  first  by  epoxy 
groups.  The  amounts  of  -PO3H2  groups  were  controlled  by 
changing  the  modification  methods.  Meanwhile  the  existence  form 
of  the  acid  groups  was  altered  by  varying  the  chain  lengths 
immobilized  on  the  silica  surface.  The  influences  of  the  amounts  of 
acidic  groups  and  the  chain  lengths  on  the  performance  of  the 
hybrid  membranes,  including  proton  conductivity,  methanol 
permeability  and  the  dispersions  of  fillers  were  explored. 

2.  Experiment 

2.1.  Materials  and  chemicals 

TEOS  (reagent  grade),  3-glycidyloxypropyltrimethoxysilane 
(GPTMS,  analytical  reagent  (AR)),  3-aminopropyltriethoxysilane 
(APTES,  AR),  glycidyl  methacrylate  (GMA,  AR),  phosphorus  oxy¬ 
chloride  (POCI3,  >98  wt%)  and  polyether  ether  ketone  (PEEK  381 G) 
were  purchased  from  Sigma— Aldrich  Co.  LLC.,  Aladdin-reagent,  J&K 
Scientific  Ltd.  (Beijing),  Aladdin-reagent,  Shanghai  Guangzan 
Chemical  Scientific  Ltd.  and  Victrex  England,  respectively,  and  used 
without  further  purification.  Toluene  (AR)  was  purchased  from 
Tianjin  Jiangtian  Chemical  Technology  Co.,  Ltd.  and  was  distilled 
prior  to  use.  Triethylamine,  2-bromoisobutyryl  bromide,  CuBr  and 
N,N,N',N",N"-pentamethyldiethylenetriamine  (PMDETA)  were 
purchased  from  Sigma-Aldrich  Co.  LLC.  and  used  without  further 
purification  (reagent  grade). 

All  the  other  materials  and  chemicals  were  commercially 
available  with  analytical  pure  degree,  and  used  as  received. 
Deionized  water  was  used  throughout  the  work. 

2.2.  Preparation  of  the  phosphorylated  glycidyl-silane  modified 
silica  submicrospheres  (SiP-I) 

2.2.1.  Preparation  of  silica  submicrospheres  (Si02) 

Silica  submicrospheres  (SiCb)  were  prepared  by  the  Stober 
method  [18]:  TEOS  (10  mL)  was  added  dropwise  to  the  well-mixed 
solution  of  ethanol  (200  mL),  water  (20  mL),  and  ammonia  solution 
(6  mL)  under  vigorous  stirring  and  the  solution  was  kept  stirring  at 
room  temperature  overnight.  The  Si02  were  purified  by  three  cycles 
of  centrifugation  and  re-suspended  in  ethanol  with  ultrasonic- 
bathing  (ethanol  washing),  and  dried  in  a  vacuum  oven  at  room 
temperature  till  constant  weight. 

2.2.2.  Preparation  of  submicrospheres  modified  by  glycidyl-silane 
(Si02-epoxy) 

2  mL  GPTMS  was  used  to  react  with  2  g  dry  SiC>2.  To  avoid  the 
silane  coupling  agents  from  hydrolyzing  before  reacting,  Si02  was 
dispersed  in  120  mL  anhydrous  toluene  and  then  the  mixture  was 
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refluxed  for  24  h.  The  SiC>2-epoxy  were  purified  by  three  cycles  of 
centrifugation  and  re-suspended  in  water  and  ethanol  with 
ultrasonic-bathing  (water  and  ethanol  washing)  and  dried  under 
vacuum  freeze-drying. 

2.2.3.  Phosphorylation  of  silicas 

To  carry  out  the  phosphorylation  of  silicas,  excess  POCI3  was 
used  to  react  with  the  epoxy  group  of  SiCVepoxy  [19,20],  In 
a  typical  way,  2  g  SiCh-epoxy  was  dispersed  in  120  mL  POCI3  and 
the  mixture  was  kept  at  80  °C  under  vigorous  stirring  for  24  h.  The 
final  products  were  purified  by  more  than  three  cycles  of  centri¬ 
fugation,  water  washing  and  dried  under  vacuum  freeze-drying. 
The  phosphorylated  spheres  were  denoted  as  SiP-I,  where  I 
referred  to  the  phosphorylated  SiC>2-epoxy. 

2.3.  Preparation  of  the  phosphorylated  poly(glycidyl  methacrylate) 
grafted  silica  submicrospheres  (SiP-II) 

2.3.1.  Preparation  of  submicrospheres  modified  by  amino-silane 
(Si02-NH2) 

SiC>2  prepared  by  the  Stober  method  was  modified  by  amino- 
silane  in  the  same  way  with  SiCh-epoxy,  except  the  replacement 
of  GPTMS  by  APTES,  and  the  modified  SiC>2  was  denoted  as 
Si02— NH2. 

2.3.2.  Surface  initiated  atom  transfer  radical  polymerization  (SI- 
ATRP)  of  GMA  onto  the  surface  ofSi02-NH2 

Before  the  ATRP  polymerization,  ATRP  functionalities  were 
anchored  onto  the  surface  of  Si02— NH2:  2  g  SiC>2— NH2  was 
dispersed  in  120  mL  dry  toluene  containing  2%  (V/V)  triethylamine, 
followed  by  adding  2  mL  ATRP  initiator  2-bromoisobutyryl  bromide 
dropwise  into  the  solvent.  The  mixture  was  first  kept  in  ice-water 
bath  for  1  h  and  then  at  room  temperature  for  another  24  h.  The 
ATRP  functionalities  coated  silicas  (SiC>2— Br)  were  purified  by  more 
than  three  cycles  of  centrifugation,  ethanol  and  acetone  washing, 
and  dried  under  vacuum  freeze-drying. 

ATRP  polymerization  was  carried  out  as  follows:  1  g  ATRP  tet- 
rainitiator  Si02-Br  was  dispersed  in  60  mL  anhydrous  toluene  in 
Sclenck  flask,  then  0.049  g  CuBr,  0.144  mL  degassed  PMDETA  and 
2  mL  GMA  were  added  to  the  flask.  The  mixture  was  degassed  by 
three  freeze-pump-thaw  cycles  under  Ar  atmosphere.  The  reac¬ 
tion  was  performed  for  14  h  at  60  °C  with  vigorous  stirring.  The 
GMA  polymerized  silicas  (SiCh-PGMA)  were  purified  by  more  than 
three  cycles  of  centrifugation,  tetrahydrofuran  and  ethanol  washing 
and  dried  under  vacuum  freeze-drying. 

2.3.3.  Phosphorylation  of  silicas 

The  phosphorylation  was  carried  out  the  same  with  the  phos¬ 
phorylation  of  Si02-epoxy,  except  the  replacement  of  SiC>2-epoxy 
by  SiC>2-PGMA,  and  the  phosphorylated  spheres  were  denoted  as 
SiP-II,  where  II  referred  to  the  phosphorylated  SiC>2-PGMA. 

13C  NMR  for  SiP-II:  5  18.2  (CH3),  31.4  (CH2C(CH3)),  41.7 
(CH2C(CH3)),  67.5  (C(0)OCH2CH),  59.7  (CHCH20),  179.3  (CC(0) 
OCH2)  [20-23], 

2.4.  Sulfonation  of  PEEK 

Sulfonated  poly( ether  ether  ketone)  (SPEEK)  was  prepared  via 
post-sulfonation  according  to  the  procedure  in  the  literature  [24], 
In  a  typical  way,  28  g  dry  PEEK  (previously  dried  at  80  °C  for  more 
than  24  h)  was  dissolved  in  200  mL  sulfuric  acid  at  room  temper¬ 
ature  under  vigorous  stirring.  After  the  dissolution,  the  tempera¬ 
ture  was  elevated  to  45  °C  and  kept  stirring  for  12  h.  Then  the  dark 
red  solution  was  decanting  into  a  large  excess  of  cold  water.  The 
crude  product  was  washed  with  water  until  pH  7  and  then  dried  in 


vacuum  oven  at  room  temperature  till  constant  weight.  The 
sulfonation  degree  (DS)  of  SPEEK  was  determined  to  be  66.0% 
through  the  titration  method  described  in  the  Section  2.6. 

2.5.  Membrane  preparation 

Phosphorylated  or  non-phosphorylated  silica  submicrospheres 
were  well  dispersed  in  the  homogeneous  DMF  solutions  of  SPEEK 
(the  content  of  SPEEK  was  10  wt%).  Then  the  membranes  were 
prepared  by  casting  the  solution  on  a  clean  glass  plate,  followed  by 
drying  first  at  60  °C  for  12  h  and  then  at  80  °C  for  another  12  h.  The 
pristine  SPEEK  membrane  was  made  in  the  same  method.  The  as- 
prepared  hybrid  membranes  containing  SiP-I  (or  SiP-II,  SiCb) 
were  denoted  as  SPEEK/SiP-I-Z%  (or  SPEEK/SiP-II-Z%,  SPEEK/Si02-Z 
%),  where  Z  referred  to  the  weight  percentage  of  SiP-I  (or  SiP-II, 
Si02)  relative  to  the  SPEEK  matrix. 

2.6.  Characterizations 

The  size  and  morphology  of  the  submicrospheres  were  charac¬ 
terized  by  transmission  electron  microscopy  (TEM,  JEOL,  Tecnai  G2 
20  S-TWIN).  13C  solid  state  NMR  spectrum  was  recorded  on 
a  75  MHz  Varian  InfinityPlus  300  spectrometer  in  a  magic  angle 
spinning  (MAS)  probe  (75.40004  MHz)  using  the  pulse-mode  CP- 
MAS  (Chemagnetic  7.5  mm)  method. 

The  phosphorus  content  in  the  submicrospheres  was  measured 
by  Inductively  Coupled  Plasma  Optical  Emission  Spectrophotom¬ 
eter  (ICP,  ICP-9000(N  +  M),  USA  Thermo  Jarrell-Ash  Corp.).  The 
surface  elemental  composition  of  the  phosphorylated  submicro¬ 
spheres  was  characterized  by  X-ray  photoelectron  spectroscopy 
(XPS)  with  a  PHI  1600  spectrometer  and  Mg  Ka  radiation  for 
excitation. 

The  cross-sectional  morphology  of  the  membranes  was 
observed  using  field  emission  scanning  electron  microscope 
(FESEM,  Nanosem  430)  operated  at  10  keV. 

Thermogravimetric  analyses  (TGA,  TA-50,  Shimadzu,  Japan)  of 
both  the  submicrospheres  and  the  membranes  were  recorded  from 
the  room  temperature  to  800  °C  at  a  heating  rate  of  10  °C  min-1  in 
nitrogen  atmosphere  (the  flow  rate  of  30  mL  min-1).  Differential 
scanning  calorimetry  (DSC)  measurements  were  carried  out  on 
a  DSC  204  FI  NETZSCH  instrument  with  a  heating  or  cooling  rate  of 
10  °C  min-1  in  N2  flow  to  determine  the  glass  transition  tempera¬ 
ture  (Tg)  of  the  membranes  [25,26]. 

2.7.  Water  uptake,  swelling,  sulfonation  degree  and  ion-exchange 
capacity 

The  water  uptake  and  the  swelling  can  be  derived  from  the 
weight  and  area  of  the  membrane  gained  after  fully  hydration, 
respectively,  in  accordance  with  the  previous  work  [27],  The 
measurements  were  repeated  three  times,  and  the  error  was  within 
±5%.  Then  the  water  uptake  and  swelling  were  calculated  accord¬ 
ing  to  the  following  equations  (Eqs.  (1)  and  (2)),  respectively. 

Water  uptake(%)  =  Ww<f  ~  Wdry  x  100  (1) 

wdry 

Swelling(%)  =  Awel  x  100  (2) 

Airy 

where  Wdry  and  Adry  were  the  weight  (g)  and  area  (cm2)  of  the  dry 
membranes,  Wwet  and  Awet  were  the  weight  (g)  and  area  (cm2)  of 
the  fully  hydrated  membranes,  respectively. 
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The  sulfonation  degree  (DS)  of  SPEEK  was  determined  by  titra¬ 
tion  method  as  described  in  the  previous  work  [28],  After  titration, 
the  ion  exchange  capacity  (IEC,  mmol  g^1)  value  was  calculated  by 
Eq.  (3). 

IEC  _  WlaOH  X  CNa0H  ,3% 

m  ( 

where  m  was  the  weight  (g)  of  the  dry  SPEEK  in  H+  form,  \4jaOH  and 
CNaOH  were  the  volume  (mL)  and  concentration  (mol  L-1)  of  the 
NaOH  solution,  respectively. 

DS  was  calculated  according  to  Eq.  (4): 


(4) 


where  MrSPEEK  and  Mr_s 03H  were  the  molecular  weight  of  the 
SPEEK  monomer  repeat  unit  (288)  and  -SO3H  (80),  respectively. 


2.8.  Methanol  permeability 

Methanol  permeability  (P,  cm2  s-1,  2  M  methanol  solution)  was 
measured  using  a  glass  diffusion  cell  as  described  in  the  previous 
work  [29],  and  was  calculated  from  Eq.  (5): 


P  = 


(5) 


where  S  was  the  slope  of  the  straight  line  of  methanol  concentra¬ 
tion  in  the  compartment  B  versus  time  (mol  L'1  s_1);  V  was  the 
volume  of  the  compartment  B  (L);  l  and  A  were  the  thickness  and 
the  effective  area  of  the  membrane,  respectively  (cm,  cm2);  Co  was 
the  initial  methanol  concentration  in  compartment  A  (mol  L-1). 


2.9.  Proton  conductivity 

A  two-point-probe  conductivity  cell  was  used  to  determine  the 
in-plane  proton  conductivity  of  the  membranes  as  described  in  the 
previous  work  [27],  The  relative  humidity  was  kept  at  100%  and  the 
testing  temperature  was  controlled  by  the  water  vapor  from  the 
room  temperature  to  100  °C.  The  proton  conductivity  <7  (S  cm-1) 
was  calculated  according  to  the  following  equation: 


where  /  was  the  distance  between  the  two  electrodes  (cm);  A  was 
the  effective  cross-sectional  area  of  the  membrane  sample  (cm2);  R 
was  the  measured  membrane  resistance  (Q). 


3.  Results  and  discussion 

3.1.  Characterizations  of  submicrospheres 

The  phosphorylation  of  silica  submicrospheres  was  achieved  by 
the  reaction  of  POCI3  with  epoxy  groups.  By  changing  the  intro¬ 
ducing  methods  of  epoxy  groups  on  the  silica  surface,  the  immo¬ 
bilized  chain  lengths  and  the  amounts  of  -PO3H2  groups  were 
controlled.  The  morphology  of  the  as-synthesized  submicrospheres 
was  demonstrated  by  TEM  as  shown  in  Fig.  1.  Spherical  silica 
particles  with  a  uniform  size  of  about  80  nm  in  radius  (Fig.  1(a)) 
were  produced  by  the  Stober  procedure.  After  phosphorylation,  the 
morphology  and  size  of  the  silica  (SiP-I  and  SiP-II)  were  unaltered. 

The  detailed  chemical  structure  of  the  poly(glycidyl  methacry¬ 
late),  grafted  from  the  surface  of  silica  submicrospheres  (SiP-II)  by 
ATRP,  was  confirmed  by  13C  solid  state  NMR  spectrum  (Fig.  2).  The 
chemical  shifts  at  31.4,  41.7  and  59.7  ppm  were  assigned  to 
CH2C(CH3),  CH2C(CH3)  and  CHCH20  carbons,  respectively.  The 
methyl  carbon  from  the  methacrylic  units  was  observed  at 
18.2  ppm.  The  peak  at  179.3  ppm  was  assigned  to  the  carbonyl 


Fig.  1.  TEM  images  of  the  (a)  Si02,  (b)  SiP-I  and  (c)  SiP-II  submicrospheres. 
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ppm 

Fig.  2.  Solid  state  13C  NMR  spectrum  of  the  SiP-II  submicrospheres. 


carbons,  and  the  signal  at  67.5  ppm  indicated  the  glyceryl  spacer. 
Thus  the  proposed  chemical  structure  of  the  grafted  poly(glycidyl 
methacrylate)  from  the  surface  of  SiP-II  was  confirmed.  ICP  was 
carried  out  to  determine  the  content  of  phosphorus  element  (P)  of 
both  SiP-I  and  SiP-II,  and  the  results  were  1.54  wt%  and  2.65  wt%, 
respectively.  The  weight  percent  of  P  element  of  SiP-II  was  higher 
than  that  of  SiP-I  by  72.0%,  suggesting  a  higher  amount  of  — PO3H2 
groups  on  SiP-II.  Hereby,  the  glycidyl  methacrylate  polymers  on  the 
surface  of  SiP-II  exceeded  the  limitation  of  the  monolayer  of 
glycidyl-silane  groups  on  the  surface  of  SiP-I.  The  oxidation  state  of 
P  element  of  SiP-I  and  SiP-II  was  analyzed  by  XPS  spectrum,  and  the 
peak  of  binding  energy  at  around  134.5  eV  indicated  the 
pentavalent-oxidation  state  of  P  (P5+)  and  the  presence  of  P-0 
bond  [9],  According  to  the  above  characterizations,  the  schematic 
depictions  of  the  possible  chemical  structure  of  the  two  kinds  of 
phosphorylated  silicas  (SiP-I  and  SiP-II)  were  illustrated  in  Fig.  3. 


3.2.  Characterization  of  the  hybrid  membranes 

The  dispersion  of  the  silica  submicrospheres  in  the  hybrid 
membranes  was  observed  by  SEM  measurements  (Fig.  4).  It  could  be 
seen  that  with  the  5  wt%  loading  (Fig.  4(b),  (d)  and  (f)  for  the  SPEEK/ 
Si02,  SPEEK/SiP-I  and  SPEEK/SiP-II  membranes,  respectively),  the 
particles  were  homogeneously  dispersed  in  all  the  membranes.  When 
the  loading  increased  to  15  wt%,  aggregation  occurred  for  both  the 
SPEEK/Si02  (Fig.  4(c))  and  SPEEK/SiP-I  (Fig.  4(e))  membranes,  while 
no  obvious  aggregation  was  observed  for  SPEEK/SiP-II  (Fig.  4(g))  at  the 
identical  loading  amount.  Even  with  the  loading  as  high  as  40  wt% 
(Fig.  4(h)),  SiP-II  were  still  homogeneously  dispersed. 

The  glass  transition  temperatures  (Tgs)  of  the  pristine  and  hybrid 
membranes  determined  by  DSC  were  given  in  Table  1.  A  single  glass 
transition  temperature  (Tg)  was  observed  for  SPEEK  polymers  at  226  °C 
which  was  consistent  with  that  reported  in  literatures  [25,30,31],  Tgs 
were  decreased  after  the  incorporation  of  both  kinds  of  the  phos¬ 
phorylated  silica  submicrospheres,  indicating  that  the  SPEEK  polymer 
chain  matrix  was  disturbed  and  both  the  mobility  and  flexibility  were 
enhanced  by  the  introduction  of  inorganic  particles.  The  — PO3H2 
groups  on  the  surface  of  phosphorylated  silica  submicrospheres 
exhibited  electrostatic  repulsion  with  the  -SO3H  groups  in  the  poly¬ 
mer  matrix,  the  SPEEK  polymer  chain  packing  between  the  inorganic- 
organic  interface  was  disturbed  and  thus  the  local  chain  motions  were 
enhanced  [26,32],  After  the  introduction  of  the  polymers  grafted  from 
SiP-II,  the  phosphorylation  degree  was  promoted  and  the  Tgs  were 
further  decreased  for  the  increased  electrostatic  repulsion.  A  new  Tg 
appeared  at  about  150  °C  for  all  the  SPEEK/SiP-II  membranes,  indi¬ 
cating  a  phase  separation  between  the  SPEEK  matrix  and  the  polymer 
chains  grafted  from  the  surface  of  SiP-II.  This  phase  separation  could  be 
explained  by  the  fact  that  the  grafted  carbon  chains  were  more  flexible 
compared  to  the  rigid  SPEEK  chains  with  aromatic  rings  [30,33,34], 
And  the  phase  separation  structure  might  impede  the  grafted  polymer 
chains  of  SiP-II  from  further  penetrating  into  the  SPEEK  matrix  and 
might  reduce  the  possible  contribution  of  the  — PO3H2  groups  to  the 
membrane  proton  conduction. 


Fig.  3.  The  schematic  depictions  of  the  chemical  structure  of  the  phosphorylated  silica  submicrospheres. 


Y.  Zhao  et  al.  /  Journal  of  Power  Sources  224  (2013)  28—36 


Fig.  4.  FESEM  images  of  the  cross-section  of  the  pristine  SPEEK  membrane  and  the  SPEEK  hybrid  membranes:  (a)  SPEEK,  (b)  SPEEK/Si02-5,  (c)  SPEEK/Si02-15,  (d)  SPEEK/SiP-I-5,  (e) 
SPEEK/SiP-I-15,  (f)  SPEEK/SiP-II-5,  (g)  SPEEK/SiP-II-15,  (h)  SPEEK/SiP-II-40.  (The  scales  in  all  the  images  were  3  pm) 


TGA  was  employed  to  study  the  thermal  stability  of  the  pristine 
SPEEK  membrane  and  the  hybrid  membranes  (Fig.  5).  All  the  hybrid 
membranes  showed  quite  similar  decomposition  patterns. 
Membrane  samples  had  a  typical  three-steps  degradation  behavior, 
and  the  weight  loss  below  about  110  °C  was  caused  by  the  loss  of 
moisture  in  the  membrane  [27,30],  The  starting  temperature  of  the 
first  (Tdi),  second  (T^)  and  the  last  (T^)  thermal  degradation  of 


Glass  transition  temperature  (Tg)  of  the  pristine  SPEEK  and  SPEEK  hybrid 
membranes. 
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SPEEK  was  around  235  °C,  323  °C  and  522  °C,  respectively.  The 
weight  loss  between  235  °C  and  323  °C  was  mainly  associated  with 
the  loss  of  the  — SO3H  groups  in  the  range  of  250—280  °C,  and  the 
weight  loss  above  323  °C  was  related  to  the  decomposition  of  the 
main  chain  of  PEEK  in  the  range  of  400-580  °C  [31].  It  could  be 
observed  from  TGA  results  that  the  thermal  degradation  tempera¬ 
tures  of  the  hybrid  membranes  were  almost  unchanged,  in  other 
words,  the  addition  of  silica  submicrospheres  (SiP-I  and  SiP-Il)  into 
the  polymer  matrix  did  not  significantly  alter  the  thermal  degra¬ 
dation  mechanism  of  the  hybrid  membranes.  Since  the  inorganic 
part  of  silica  submicrospheres  could  act  as  superior  insulator  and 
transport  barrier  to  the  volatile  products  generated  during  the 
decomposition  [35],  the  weight  loss  of  the  hybrid  membranes  was 
lower  than  the  pristine  SPEEK  membrane,  especially  above  Td2.  The 
total  weight  loss  decreased  with  the  increasing  content  of  silica 
submicrospheres,  and  the  SPEEK/SiP-I  hybrid  membranes  possessed 
larger  amount  of  inorganic  parts  than  SPEEK/SiP-II  membranes. 


3.3.  Water  uptake,  swelling  property  and  methanol  permeability  of 
the  hybrid  membranes 

Water  plays  an  important  role  in  the  membranes,  for  the 
enhanced  water  uptake  could  hydrate  the  PEM  membrane  to 
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Fig.  5.  TGA  curves  of  the  pristine  SPEEK  and  SPEEK/SiP-I  (a),  SPEEK/SiP-II  (b)  hybrid  membranes. 


facilitate  the  proton  conduction,  while  the  excess  swelling  can 
result  in  the  deterioration  of  the  membrane— catalyst  interface, 
severe  water  drag  or  fuel  drag  and  possible  performance  failure  of 
the  fuel  cell  [3],  After  the  incorporation  of  the  unmodified  SiC>2,  the 
water  uptake  and  the  swelling  of  the  membranes  increased  and 
increased  further  with  the  content  of  Si02  (Fig.  6(a)),  suggesting  the 
existence  of  the  defects  in  the  SPEEK/SiC>2  membranes  [36], 

For  the  SPEEK/SiP-I  membranes,  the  water  uptake  and  the 
swelling  were  still  higher  than  the  pristine  SPEEK  membrane,  but  in 
a  decreasing  tendency.  Hence,  the  existence  of  the  defects  in  the 
membranes  was  also  suggested,  while  the  organic  modified  surface 
of  SiP-I  inhibited  the  further  increase  of  the  water  uptake  and 
swelling.  The  longer  organic  chain  length  of  SiP-11  endowed  the 
particles  with  better  dipersity  with  the  polymer  matrix  than  both 
Si02  and  SiP-I  (which  could  also  be  observed  by  SEM  character¬ 
izations  shown  in  Fig.  4).  After  the  introduction  of  SiP-11,  the  water 
uptake  and  the  swelling  were  decreased,  and  further  decreased 
with  the  increasing  content  of  the  inorganic  part.  The  highest 
reduction  degree  of  swelling  of  SPEEK/SiP-II  was  52.0%  with  40  wt% 
of  SiP-II. 

The  methanol  permeability  of  the  SPEEK/Si02  and  SPEEK/SiP-I 
hybrid  membranes  were  greater  than  the  pristine  SPEEK 
membrane  (Fig.  6(b)),  induced  by  the  higher  water  uptake  [37,38], 
On  the  contrary,  the  methanol  permeability  of  SPEEK/SiP-II 
membranes  was  reduced.  The  methanol  permeability  was  in  the 
same  tendency  with  the  water  uptake  properties. 

3.4.  Proton  conductivity  of  the  hybrid  membranes 

Proton  conductivity  of  the  membranes  as  a  function  of 
temperature  at  100%  RH  was  characterized  by  the  aforementioned 
method  and  illustrated  in  Fig.  7.  The  proton  conductivity  of  the 
pristine  SPEEK  membrane  at  31.7  °C  was  0.0548  S  cm1,  and 


increased  with  the  rising  temperature.  After  the  incorporation  of 
the  unmodified  SiC>2  submicrospheres,  the  proton  conductivity  was 
decreased  and  further  decreased  with  the  content  of  SiC>2  (Fig.  7(a)). 
On  the  contrary,  proton  conductivity  was  enhanced  to  different 
degrees  with  the  introduction  of  SiP-I  (Fig.  7(b))  and  SiP-II 
(Fig.  7(c)).  All  the  proton  conductivities  of  the  hybrid  membranes 
were  elevated  with  the  increasing  temperature.  For  the  SPEEK/SiP- 
II  membranes,  the  proton  conductivity  was  enhanced  with  the 
content  of  SiP-II  in  the  whole  loading  range.  While  the  proton 
conductivities  were  elevated  to  higher  degrees  at  the  same  doping 
level  of  inorganic  particles  for  the  SPEEK/SiP-I  membranes,  and  the 
increase  of  the  proton  conductivity  for  SPEEK/SiP-I-30  membranes 
was  reduced  to  nearly  the  same  with  SPEEK/SiP-I-5  membranes. 

Two  sorts  of  proton  transport  mechanisms  were  well  accepted: 
the  vehicle  mechanism  and  the  Grotthuss  mechanism  [27,39].  The 
former  implied  the  diffusion  of  hydrated  protons  or  proton- 
containing  groups  ( e.g .,  H502+  (‘Zundel’  ion)  and  HgC>4+  (‘Eigen’ 
ion))  as  a  whole  in  a  medium  such  as  water;  while  the  latter  con¬ 
sisted  of  the  diffusion  of  protonic  defects,  which  were  also  called 
inherent  protonic  charge  carriers  or  intrinsic  proton  conductivity, 
through  the  medium  by  continuous  breaking  and  forming  of 
hydrogen  bonds  [40].  To  facilitate  the  fast  proton  conductivity 
through  the  membrane,  not  only  the  adequate  proton-conducting 
sites  were  needed,  but  also  abundant  amount  of  effective  proton¬ 
conducting  groups  was  crucial.  Compared  to  the  SPEEK  pristine 
membrane  (IEC  =  1.933  mmol  g"1)  utilized  in  this  work,  the 
proton-conducting  sites  of  Nafion®  117  membranes 
(IEC  =  0.852  mmol  g_1  [41])  were  much  less  according  to  the  IEC 
values.  But  the  proton  conductivity  of  Nafion®  membrane  was 
comparable  or  even  better  than  the  SPEEK  pristine  membrane 
(0.0696  S  cm"1  [9]  and  0.0548  S  cm’1  for  Nafion®  and  SPEEK, 
respectively.  Both  of  them  were  determined  in  the  same  condition 
with  the  same  equipment).  The  high  proton  conductivity  of  Nafion® 


Fig.  6.  The 


uptake  and  swelling  properties  (a)  and  the  methanol  permeability  (b)  of  the  pristine  SPEEK  and  SPEEK  hybrid  membranes  at  25  °C. 


:  al.  /  Journal  of  Power  Sources  224  (2013)  28—36 


Temperature  ( °C ) 


Fig.  7.  Proton  conductivity  of  the  pristine  SPEEK  membrane  and  the  SPEEK  hybrid  membranes  as  a  function  of  temperature  at  100%  RH:  (a)  the  SPEEK/SiC>2  hybrid  membranes,  (b) 
the  SPEEK/SiP-I  hybrid  membranes,  (c)  the  SPEEK/SiP-II  hybrid  membranes. 


with  much  less  proton-conducting  sites  could  be  attributed  to  the 
more  separated,  less  branched,  better  interconnected  and  wider 
ionic  channels  in  the  membrane  [42],  thus  producing  higher 
amount  of  effective  proton-conducting  groups.  In  this  work,  both 
the  amount  of  — PO3H2  groups  and  the  length  of  the  chain  immo¬ 
bilized  on  the  silica  surface  would  affect  the  number  of  effective 
proton-conducting  groups. 

For  the  unmodified  Si02  submicrospheres  bore  only  weak  acidic 
groups  (silanols  groups),  SiC>2  acted  as  barrier  for  protons,  leading 
to  the  decrease  of  the  proton  conductivity  [43].  After  the  incorpo¬ 
ration  of  the  SiP-1  and  SiP-II,  -PO3H2  groups  were  introduced  into 
the  membranes,  and  SiP-II  bore  more  -PO3H2  groups  and  longer 
polymeric  chains  on  the  silica  surface  than  SiP-I.  However,  phase 
separation  of  the  polymer  chains  grafted  on  the  surface  of  SiP-II  and 
the  SPEEK  matrix  was  confirmed  by  the  two  distinct  Tgs  for  all  the 
SPEEK/SiP-II  membranes  as  obtained  from  the  DSC  results.  During 
the  phosphorylation  of  epoxy  groups,  several  side  reactions  could 
take  place  including  the  hydrolysis  of  the  epoxy  groups  and  the 
phosphates,  and  the  crosslinking  among  the  reactants  [20], 
Consequently,  the  grafted  polymers  were  inhibited  from  pene¬ 
trating  into  the  SPEEK  matrix,  and  the  interactions  between  the 
acidic  groups  were  reduced.  Otherwise  the  intra-  and  inter- 
molecular  interactions  between  the  — PO3H2  groups  on  SiP-I  and 
the  membrane  matrix  could  be  formed  more  easily  and  extensively 
than  SiP-II.  Therefore,  the  SiP-I  even  with  less  amounts  of  -PO3H2 
groups  exhibited  more  effective  acidic  groups  for  proton  conduct¬ 
ing.  The  proton  conductivities  of  the  SPEEK/SiP-I  membranes  were 
higher  than  the  SPEEK/SiP-II  membranes  at  the  same  doping  level 
of  inorganic  particles  and  the  highest  conductivity  of  the  SPEEK/ 
SiP-I  membranes  was  0.335  S  cm  1  at  60  °C  (100  RH)  with  the 
content  of  20  wt%.  The  reduction  of  the  proton  conductivity  of  the 
SPEEK/SiP-I  membranes  over  the  weight  content  of  20  wt%  could  be 
attributed  to  the  large  scale  aggregation  in  the  membrane  (as 
observed  in  Fig.  4(d)  and  (e)),  which  leads  to  a  sharp  decrease  of  the 


amount  of  effective  acidic  groups.  On  the  contrary,  for  the  SPEEK/ 
SiP-II  membranes  the  proton  conductivity  still  increased  with  the 
content  of  SiP-II  in  the  whole  loading  range.  The  longer  organic 
chain  length  of  SiP-II  rendered  the  particles  better  dispersity  with 
the  polymer  matrix  than  both  Si02  and  SiP-I  (confirmed  by  SEM 
characterizations  shown  in  Fig.  4(f)-(h)),  and  no  obvious  aggre¬ 
gation  occurred  in  all  the  SPEEK/SiP-II  hybrid  membranes  from  the 
loading  content  of  5  wt%  to  40  wt%.  With  the  increase  of  doping 
amount  of  SiP-II,  more  effective  proton-conducting  groups  were 
introduced  into  the  hybrid  membranes,  then  contributing  to  the 
sustained  increase  of  the  proton  conductivity. 

Moreover,  the  mobility  for  both  the  water  molecules  and  proton 
could  be  increased  by  the  increase  of  the  volume  fraction  of  water, 
hence  the  higher  water  uptake  of  SPEEK/SiP-I  membranes  than 
SPEEK/SiP-II  membranes  also  contributed  to  the  better  proton 
conductivity  [16,40]. 

4.  Conclusion 

Phosphorylated  silica  submicrospheres  were  synthesized  via 
phosphorylation  of  silane  coupling  agents  modified  (SiP-1)  or 
polymer  grafted  (SiP-II)  silica  submicrospheres.  The  length  of  the 
grafted  chains  immobilized  on  the  silica  surface  and  the  amounts  of 
— PO3H2  groups  can  be  controlled  in  a  facile  way  and  these  two 
kinds  of  phosphorylated  silica  submicrospheres  were  incorporated 
into  the  SPEEK  matrix  to  fabricate  the  SPEEK/SiP-1  and  SPEEK/SiP-II 
hybrid  membranes.  The  SPEEK/SiP-II  hybrid  membranes  containing 
polymer  grafted  phosphorylated  silica  submicrospheres  were 
endowed  with  more  phosphorylation  sites,  better  homogeneity, 
lower  swelling  and  higher  methanol  barrier  properties,  but  the 
enhancement  in  the  proton  conductivities  was  less  than  that  of  the 
SPEEK/SiP-I  hybrid  membranes.  The  phase  separation  of  the  SPEEK 
matrix  with  the  polymer  chains  grafted  on  the  surface  of  SiP-II,  as 
well  as  the  crosslinking  of  the  polymer  chains  might  prevent  the 
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full  contact  of  the  grafted  polymer  chains  and  the  SPEEK  matrix. 
Hence,  the  higher  proton  conductivities  of  the  hybrid  membranes 
doped  with  SiP-I  (in  the  loading  range  except  30  wt%  of  SiP-I)  could 
be  tentatively  attributed  to  the  higher  amounts  of  effective  proton¬ 
conducting  groups  or  sites.  The  highest  conductivity  in  SPEEK/SiP-I 
hybrid  membranes  was  0.335  S  cm-1  at  60  °C  (100  RH)  with  20  wt% 
of  SiP-I.  It  was  inspired  that  for  the  rational  design  of  the  hybrid 
membranes  with  enhanced  proton  conductivity,  both  the  absolute/ 
theoretical  proton-conducting  sites  amount,  and  the  effective/ 
accessible  proton-conducting  sites  amount  should  be  taken  into 
account  for  DMFC  application. 
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